Spinal interneurons coordinate adjustments in the rhythm and pattern of locomotor movements. 9
INTRODUCTION 22
During locomotion animals adjust the frequency, phase and amplitude of rhythmic propulsive 23 movements to navigate effectively (Borgmann and Buschges, 2015; Hultborn and Nielsen, 2007; 24 Pearson, 2000) . In vertebrates, phylogenetically-conserved populations of spinal interneurons with 25 distinct molecular and electrophysiological signatures are responsible for coordinating this 26 fundamental process (Gosgnach et al., 2017; Goulding, 2009; Grillner and Jessell, 2009; Kiehn, 27 2016) . After over a century of study (Brown, 1911) , two circuit models with different topological 28 predictions have arisen to explain the spinal basis of locomotor control. 29
In models based on studies of the axial networks of embryonic tadpoles and adult lampreys, spinal 30 interneurons are homogeneous and share responsibility for coordinating the frequency, phase and 31 amplitude of motor output (Grillner, 1981; Roberts et al., 1986) . In this single-layer architecture, 32 'unit burst generators' comprised of interconnected excitatory interneurons generate the rhythm 33
and provide 'first-order' interneuron and 'last-order' motor neuron drive to control the pattern of 34 motor output ( Figure 1A , left). In contrast, models based on studies of limb networks in neonatal 35 rodents and adult cats use different interneurons for frequency, phase and amplitude control 36 (Gelfand et al., 1988; McCrea and Rybak, 2008) . In this multi-layer architecture, first-order 37 interneurons occupy a 'rhythm-generating' layer and last-order interneurons occupy a subordinate 38 'pattern-forming' layer ( Figure 1A, right) . 39
Here, we tested the predictions of single-versus multi-layer models in the functional organization of 40 spinal locomotor circuitry in larval zebrafish. Studies in zebrafish can bridge work in axial and limb 41 networks, since they swim like tadpoles and lampreys, but provide the genetic accessibility 42 necessary to link molecularly-defined interneuron types to those in mice. In zebrafish and mice 43 different sets of spinal interneurons are used at different speeds of locomotion (McLean and  44 Dougherty, 2015), so we focused on neurons that participate exclusively in high frequency 45 swimming, as they are fewer in number and morphologically identifiable from fish to fish. This also 46
provided an opportunity to definitively assess whether the same interneurons are either first-or 47 last-order or both. We examined two classes of interneuron implicated in spinal locomotor control in 48 zebrafish and mice, namely circumferential excitatory alx/chx10-labeled V2a neurons ( or ventral hypaxial fast-twitch muscle (Menelaou and McLean, 2012; Myers et al., 1986) . 54
We find that V2a neurons can be divided into discrete types. While both types make first-order and 55 last-order connections as predicted by single layer models, complementary differences in their 56 morphologies, electrical properties and patterns of connectivity are consistent with the distribution 57 of rhythm generation and pattern formation predicted by multi-layer models. We also reveal 58 heterogeneity within V0d neurons that supports a similar type of organization. Ultimately, our work 59 reconciles experimental observations in both zebrafish and mice and provides a new conceptual 60 framework to understand the spinal basis of locomotor control and its evolutionary origins. 61
RESULTS 62

Molecular, morphological and electrophysiological properties define two distinct types of spinal V2a 63 neuron 64
Our previous work has demonstrated that V2a neurons in zebrafish larvae can be divided into two 65 distinct morphological classes, those with multi-segmental descending axons with extensive local 66 axon collaterals and those with multi-segmental bifurcating axons that can project into the brain 67 (Menelaou et al., 2014) . We first assessed how easily we could target these two classes to test the 68 predictions of the single and multi-layer models ( Figure 1A ). To do so, we performed whole-cell 69 patch clamp recordings of neurons at midbody (segments 10 factor alx is the zebrafish homolog of chx10, which labels V2a neurons in mice (Kimura et al., 73 2006) . 74
Among dorsal V2a neurons, we observed relatively brightly labeled somata displaced from the 75 main V2a population ( Figure 1B , purple arrowheads) and just below these neurons dimly labeled 76 somata located more laterally ( Figure 1B , green arrowheads). Post-hoc fills following 77 electrophysiological recordings revealed that brighter GFP-labeled V2a neurons were descending 78 ( Figure 1C , left), while dimmer GFP-labeled V2a neurons were bifurcating ( Figure 1C , right).
79
Assuming levels of GFP fluorescence can be used as a proxy for alx expression, these 80 observations mirror those in mice, where 'type I' V2a neurons with dense local projections exhibit 81 higher chx10 levels than 'type II' V2a neurons, which project both locally and supraspinally 82 (Hayashi et al., 2018) . We confirmed differences in GFP intensity were significant by comparing the 83 maximum intensity of bright and dim dorsal V2a neurons in confocal images captured over 4-5 84 consecutive midbody segments, which revealed an almost two-fold difference in brightness 85 (means, 244 ± 11 a.u. vs. 145 ± 26 a.u., n = 9; Student's t-test, t(16) = 10.3, p < 0.001).
86
Consequently, to be consistent with mammalian nomenclature we will refer to brighter descending 87
V2as as type I and dimmer bifurcating V2as as type II. 88
The distinct molecular and morphological features characterizing type I and II V2a neurons were 89 also accompanied by distinct electrophysiological properties. Type I V2a neurons had higher input 90 resistances and lower rheobase values ( Figure 1D ), consistent with differences in soma size 91 between the types (type I: 25 ± 6 µm 2 , n = 105; type II: 35 ± 7 µm 2 , n = 145; Mann-Whitney U-test, 92 U(248) = 1,690, p < 0.001). In response to 500-ms duration direct current steps just above 93 rheobase (1-1.2X), type I V2a neurons generated a stable 'tonic' firing response, characterized by 94 spike frequencies ranging from 10-250 Hz (mean, 72 ± 50 Hz, n = 96) with relatively little 95 accommodation ( Figure 1E , left). Another notable difference between the types was related to their speed of signal propagation.
107
Simultaneous somatic and axonal recordings revealed that somatic spike heights did not differ 108 significantly (Student's t-test, t(9) = 2.3, p = 0.579), however axonal spikes were significantly 109 smaller (Student's t-test, t(9) = 2.3, p < 0.05) and conducted more slowly in type I V2as (Student's 110 t-test, t(9) = 2.3, p < 0.001; Figure 1F ). For example, spikes in type II V2as propagated around 0.5 111 m/s (mean, 0.48 ± 0.04 m/s, n = 4), compared 0.2 m/s (mean, 0.22 ± 0.03 m/s, n = 7) in type I 112
V2as. This is consistent with a larger diameter axon in larger type II V2a neurons (Bawa et al., 113
1984; Clamann and Henneman, 1976). This also means that once recruited type II V2a neurons 114 would ensure shorter phase lags along the body during higher frequency swimming (Grillner et al., 115 1976) , which is again something more compatible with a pattern-forming function. 116
Distinct types of V2a neurons receive distinct patterns of synaptic drive during 'fictive' swimming 117
Given these differences in intrinsic electrophysiological properties, we next examined whether type 118 I and II V2a neurons were recruited at the same swimming frequencies. In response to brief 119 cutaneous electrical stimulation (< 1 ms), short episodes of 'fictive' swimming (< 500-ms) 120 comprised of a range of motor burst frequencies are generated (15-80 Hz), with the highest 121 immediately following the stimulus (McLean et al., 2008) . Both types of V2a neurons were 122 preferentially engaged at swimming frequencies above 30 Hz ( Figure 1G ) and firing reliability 123 increased with swimming frequency, reaching 100% above 60 Hz ( Figure 1H) . Surprisingly, 124 however, larger type II V2a neurons were recruited at frequencies just below 30 Hz ( Figure 1G (Figure 2A, left) . On closer inspection, faster time course EPSCs (< 1 ms rise 134 times) were observed superimposed on rhythmic oscillations (Figure 2A, right) . Among type I V2a 135 neurons, EPSCs were almost exclusively observed at higher swimming frequencies (40-50 Hz; 136 Figure 2B , top), while for type II V2a neurons EPSCs were also apparent at lower swimming 137 frequencies (20-30 Hz; Figure 2B , bottom). The overall number of EPSCs during fictive swimming 138 at any speed was also greater for type II V2as ( Figure 2B ), suggesting they receive more excitatory 139
drive. This was also confirmed by measuring peak excitation during fictive swimming, which 140 revealed greater amounts in lower Rin type II V2as ( Figure 2C ). Consequently, the idea that 141 smaller type I V2a neurons receive weaker, but frequency-specific inputs while type II V2a neurons 142 receive stronger, but more frequency-generic inputs explains their recruitment out of order based 143 on size. 144
We next examined the patterning of EPSCs at different frequencies by normalizing the cyclical 145 distribution of EPSCs to phase, where 0 represents the onset of the local motor burst (in-phase).
146
Phase distributions supported the frequency-specific nature of inputs to type I V2as and the 147 frequency-generic nature of inputs to type II V2a neurons ( Figure 2D ). In addition, while both type I 148 and type II V2a neurons exhibited rhythmic EPSCs that peaked in-phase, in type II V2a neurons 149
EPSCs arrived earlier in the cycle. This suggest that type II V2a neurons are targeted by shorter 150 latency inputs than type I V2as, meaning they could spike earlier and more often, as required for 151 the patterning of motor bursts. To more directly test this idea, we performed paired current-clamp 152 recordings from V2a neurons and primary motor neurons located in the same body segment 153 ( Figure 2E ). Spike distributions of type I and type II V2a neurons during high-frequency swimming 154 were largely overlapping, preceding and trailing the onset of primary motor neuron activation by 155 ~10 milliseconds ( Figure 2F ). Consistent with the voltage clamp analysis, in type II V2a neurons the 156 distribution was skewed toward shorter latency spiking ( Figure 2F ) and they also fired more spikes 157 per cycle (range, 1-8 spikes; mean, 2.2 ± 1.3, n = 1302 cycles from 54 fish) than type I V2as 158 (range, 1-5 spikes; mean, 1.8 ± 0.9, n = 221 cycles from 21 fish; Student's t-test, t(1521) = 2, p < 159 0.001). 160
The existence of higher impedance V2a neurons with sustained, rhythmogenic firing properties and 161 lower impedance V2a neurons with accommodating firing properties is consistent with work in mice 162 (Dougherty and Kiehn, 2010) with their descending morphologies ( Figure 3A, left) . The majority of post-synaptic responses were 180 purely electrical (n = 10 of 12; Figure 3D ). All paired recordings with electric responses were 181 characterized by inward excitatory post-synaptic currents (EPSCs) recorded at the chloride 182 reversal potential and depolarizing excitatory post-synaptic potentials (EPSPs) recorded at rest 183 with low temporal jitter, relatively fixed amplitudes and no failures ( Figure 3C ). Additionally, electric 184 responses were sensitive to the gap junction blocker, 18bGA (Li et al., 2009 ), but not the AMPA-185 receptor antagonist NBQX ( Figure 3E and 3F). In the remaining recordings (n = 2 of 12), responses 186
were comprised of mixed electric and glutamatergic components ( Figure 3D ). Mixed responses 187
were characterized by EPSCs and EPSPs comprised of shorter latency events with low temporal 188 jitter, fixed amplitudes and no failures, and longer latency events with higher temporal jitter and 189 variable amplitudes ( Figure 3C ). The later component also had relatively high failure rates (65 ± 190 27%, n = 50). In addition, the earlier events were selectively blocked by 18bGA, while the later 191 events were selectively blocked by NBQX ( Figure 3E and 3F). These data are consistent with the 192 idea that type I V2a neurons serve a rhythm generating function, since they exhibit sparse 193 glutamatergic and dense electric interconnections (Kiehn, 2016) . 194
Next, we examined functional interactions within type II V2a neurons. Because they have both 195 ascending and descending axons, we expected evidence for reciprocal connectivity. In the majority 196 of recordings (n = 13 of 15), spike-triggered averages revealed bidirectional post-synaptic 197 responses that were relatively slow time course and low amplitude ( Figure 3B , right). The rise and 198 decay kinetics of these slow responses were an order of magnitude slower than electric and 199 glutamatergic responses ( Figure 3G ), with rise times as slow as 10 milliseconds and decay times 200 up to 100 milliseconds. While these responses are too slow to explain the cyclical EPSCs observed 201 during fictive swimming, they could contribute to the slower inward current underlying the episode.
202
Slow post-synaptic responses were most sensitive to 18bGA application ( Figure 3E and 3F), 203 consistent with an electric connection. In the remaining recordings (n = 2 of 15; Figure 3D ), we 204 observed electric responses with faster kinetics, however these were relatively low amplitude (0.19 205 ± 0.03 mV) and strictly feedforward in nature. These data suggest that type II V2a neurons lack 206 glutamatergic connections and are only weakly electrically interconnected, consistent with a role in 207 pattern formation (Kiehn, 2016) . 208
Surprisingly, however, when we examined the likelihood of connections between types, we found 209 that interactions were not strictly hierarchical, from type I to type II, as predicted by multi-layer 210 models. In recordings when type I V2a neurons were rostral to type II V2as ( Figure 3B , top and 211 3D), post-synaptic responses were either glutamatergic (n = 6 of 13), mixed (n = 1 of 13) or slow (n 212 = 6 of 13). All glutamatergic responses, like the glutamatergic component of mixed synapses, were 213 characterized by EPSCs and EPSPs with higher temporal jitter and variable amplitudes ( Figure 3C ) 214 that were sensitive to NBQX but not 18bGA ( Figure 3E and 3F Figure 3C, top) . 221
When type II V2a neurons were the rostral of the two ( Figure 3B , bottom and 3D), post-synaptic 222 responses in caudal type I V2as were either glutamatergic (n = 5 of 14), slow (n = 7 of 14) or there 223 was no discernable post-synaptic response (n = 2 of 14). Owing to the high Rin of type I V2a 224 neurons, the glutamatergic EPSPs arising from type II V2a neurons had rise and decay times 225 comparable to slow responses ( Figure 3G ). On the other hand, current-evoked spikes in caudal 226 type I V2a neurons never resulted in discernable responses in rostral type II V2as ( Figure 3B , 227 bottom). Critically, however, while synaptic interactions between types appear to conflict with a 228 multi-layer model, a comparison of the relative amplitudes of EPSPs demonstrates that type I V2a 229 neurons provide a stronger source of feedforward input to type II V2as than vice versa ( Figure 3H ).
230
When combined with the fact that type II V2a inputs to type I V2a neurons are too slow to pattern 231 their high-frequency activity, these data suggest that type II V2a neurons ultimately rely more on 232 input from type I V2as to shape their rhythmic activity than vice versa, consistent with the 233 subordinate role of pattern-forming neurons. 234
Indirect electrical continuity is revealed by testing coupling coefficients 235
The distinctiveness of slow responses and sensitivity to 18bGA prompted us to determine their 236 potential origin. The rise and decay kinetics of slow responses are consistent with low pass filtering 237 of fast events through serial electrical interactions (Luna and Brehm, 2006) . Indirect electrical 238 continuity via gap junctions can arise from common target neurons (Eisen and Marder, 1982 ) and 239 via a shared source of reticulospinal input (Matthews and Wickelgren, 1978) . Given that serial 240 electric continuity can complicate assessments of direct synaptic connectivity (Marder et al., 2017 ), 241
we further explored the nature of electrical interactions within and between types. 242
To assess non-spike mediated electrical interactions, we delivered 500-ms hyperpolarizing current 243 steps and quantified coupling as a rostro-caudal or caudo-rostral voltage change normalized to the 244 voltage change in the neuron where current was applied (coupling coefficient). As expected based 245 on their dense electric synaptic interconnectivity, we observed bidirectionally symmetric coupling 246 coefficients between type I V2a neurons ( Figure 4A and 4E). However, we also found relatively 247 strong bidirectionally symmetric coupling coefficients between type II V2a neurons ( Figure 4B and 248 4E), despite the existence of relatively weak electric connections (cf., Figure 3A , right). This is 249 consistent with the possibility that slow responses arise from indirect electrical interactions, which 250 are more easily revealed by more prolonged, hyperpolarizing current steps. To test this directly, we 251 measured coupling coefficients between primary motor neurons separated by four body segments, 252
where there is no chance of a direct physical contact ( Figure 4C and 4D). In support, we observed 253 bidirectional coupling coefficients between distal motor neurons of comparable magnitude to that 254 measured for V2a neurons ( Figure 4E ). These data argue that slow responses are reporting 255 indirect interactions from shared sources of synaptic input. 256
By focusing on fast synaptic interactions, the picture that emerges is that type I V2a neurons 257 represent a dense electric and sparse glutamatergic circuit that provides stronger, predominantly 258 glutamatergic drive to type II V2a neurons. On the other hand, type II V2as represent a sparse 259 electric circuit that provides weaker, predominantly glutamatergic drive to type I V2a neurons 260 ( Figure 4F ). This lack of direct interconnectivity and the presence of slow interactions, which most 261 likely reflect indirect electrical continuity ( Figure 4F) neurons should be last-order and provide the drive necessary for pool-specific adjustments in 274 phase/amplitude (Kiehn, 2016) . Alternatively, both types could be last-order, with type II V2a 275 neurons having a more dominant and pool-specific influence over motor neurons. To distinguish 276 between these possibilities, we performed paired patch clamp recordings between type I or type II 277
V2a neurons and one of four identified primary epaxial (n = 36) and hypaxial (n = 73) motor 278 neurons. 279
In contrast to the predictions of multi-layer models, but consistent with a complementary 280 connectivity scheme, both types of V2a neurons formed synaptic connections with primary motor 281 neurons ( Figure 5A ). Notably, premotor inputs from type I V2a neurons were primarily 282 glutamatergic (n = 31 of 38) or mixed (n = 7 of 38), while inputs from type II V2a neurons were 283 mixed (n = 34 of 71) or electrical (n = 6 of 71). The increased fidelity provided by primarily electric 284 or mixed premotor connections from type II V2a neurons was matched by larger amplitude EPSPs 285 compared to those from type I V2a neurons ( Figure 5B ). Critically, while we observed evidence for 286 direct premotor connections in all type I V2a recordings (n = 38 of 38), direct connections were only 287 observed in about half of the type II V2a recordings (n = 40 of 71), with the remaining exhibiting 288 indirect slow responses (n = 31 of 71; Figure 5A ). 289
The near 0.5 probability of finding direct last-order connections from type II V2as suggests they are 290 the source of the epaxial and hypaxial pool-specific input reported previously (Bagnall and McLean, 291 2014). To directly test this idea, we performed dual re-patch experiments where epaxial and 292 hypaxial motor neurons were sequentially sampled while holding the same presynaptic V2a neuron 293
( Figure 5C ). The majority of these recordings were performed four segments apart (5 of 6 294 recordings), while only one recording was within the same segment. As expected, for type I V2a to 295 motor neuron recordings when a fast connection was observed in an epaxial motor neuron, a 296 connection was also observed in the hypaxial motor neuron and vice versa ( Figure 5D , top). In 297 contrast, and consistent with pool-specificity, when a connection from a type II V2a neuron was 298 observed in the epaxial motor neuron, only an indirect slow response was observed in the hypaxial 299 motor neuron, and vice versa ( Figure 5D , bottom). 300
These observations suggest that primary motor neurons receive converging inputs from both type I 301 and type II V2a neurons ( Figure 5E ). Type I V2a neurons provide a pool-generic frequency signal 302 via lower fidelity glutamatergic synapses, while type II V2a neurons provide pool-specific 303 phase/amplitude signals via higher fidelity electric synapses. In addition to differences in the nature 304 and specificity of connections, individual type II V2a neurons also provide a stronger source of last-305 order input, which complements the stronger first-order inputs provided by individual type I V2a 306 neurons. 307
V0d neurons are also morphologically and electrophysiologically heterogeneous 308
In multi-layer models, there are inhibitory interneurons that also occupy rhythm-generating or 309 pattern-forming layers commensurate with input from rhythm-generating or pattern-forming 310 excitatory interneurons ( Figure 1A Figure 6A ): 1) V0d neurons with primarily ascending axons and a descending 331 axon that did not extend beyond two segments (V0d ascending; n = 5); 2) V0d neurons with 332 primarily descending axons and an ascending axon that did not extend beyond two segments (V0d 333 descending; n = 9); 3) V0d neurons with bifurcating axons that each extended beyond two body 334 segments (V0d bifurcating; n = 8). The majority of V0d neurons were unipolar (n = 20 of 22) and 335 had relatively limited dendritic branching compared to V2a neurons. Local axon bifurcations of V0d 336 'ascending', 'descending' and 'bifurcating' neurons projected dorsally and terminated in close 337 proximity to primary motor neuron somata, while the main axon eventually drifted dorsally to the 338 level of primary motor neuron somata in neighboring segments ( Figure 6A , red ovals). We also 339 observed occasions where axons projected dorsally, above the motor column or had terminal 340 arbors and en passant connections in between primary motor neurons that could reflect inputs to 341 interneurons ( Figure 6A , open red arrowheads). 342
To confirm the synaptic nature of these terminal and en passant axonal swellings, we co-injected 343 GlyT2:Gal4, UAS:mCerulean and UAS:Synaptophysin-pTagRFP into Tg[MNET2:GFP] fish. This 344 approach was a relatively low probability one, since it relied on the random incorporation of all 345 three constructs in a single V0d neuron. However, on two occasions we successfully revealed 346 putative synaptic boutons on axon terminals that ramified in close proximity to the somata of 347 primary motor neurons ( Figure 6B) Figure 6C ). Unfortunately, we could not track the commissural bifurcating axon beyond 355 neighboring segments, which precluded links between electrophysiological properties and 356 morphologies ( Figure 6D ). Nevertheless, we did observe three distinct types of response to direct 357 current injection. 'Delay' neurons fired with a delay around rheobase (1-1.2X) and reached 358 instantaneous firing frequencies ranging from 70-350 Hz (mean, 207 ± 94 Hz, n = 7). Firing 359 frequencies throughout the step were stable and demonstrated relatively weak accommodation 360 ( Figure 6E , left). 'Bursting' neurons ( Figure 6E , middle) fired high frequency spikes around 361 rheobase ranging from 85-600 Hz (mean, 183 ± 177, n = 8) that rode atop slower membrane 362 oscillations at frequencies ranging from 15-40 Hz (mean, 27± 8 Hz, n = 8). We also observed a 363 chattering response similar to the one observed in type II V2a neurons, with higher instantaneous 364 firing frequencies around rheobase ranging from 240-660 Hz (mean, 436 ± 121 Hz, n = 13) that 365 rapidly accommodated ( Figure 6E, right) . 366
A comparison of rheobase and Rin revealed more continuous clustering of values compared to the 367 discrete clustering of V2a neurons ( Figure 6F ). There were also no significant differences in either 368 the dorso-ventral distribution (One-way ANOVA, F(2,35) = 0.38, p = 0.682) or sizes of somata 369 (One-way ANOVA, F(2,35) = 0.51, p = 0.604) related to firing type. However, chattering neurons 370 did exhibit significantly higher rheobase (108 ± 30 pA, n = 19; One-way ANOVA, F(2,35) = 5.5, p < 371 0.01) and lower Rin values (266 ± 60 MW, n = 19; One-way ANOVA, F(2,35) = 19.5, p < 0001), 372 than delay (rheobase: 65 ± 20 pA; Rin: 350 ± 118 MW , n = 8) and bursting (rheobase: 51 ± 19 pA; 373
Rin: 422 ± 125 MW; n = 11) V0d neurons, consistent with observations in V2a neurons. 374
V0d neurons can also be distinguished based on distinct patterns of synaptic drive and V2a input 375
Next, to see if differences in electrophysiological properties of V0d neurons were also matched by 376 differences in excitatory synaptic drive, we performed recordings during fictive swimming. As 377 observed for V2a neurons, lower impedance V0d neurons were recruited at similar minimum 378 swimming frequencies as higher impedance V0ds (~30Hz; Figure 6G ), with 100% recruitment at 379 frequencies above 60 Hz ( Figure 6H ). Also, as observed for V2a neurons, peak excitatory current 380 was systematically larger in lower Rin V0d neurons ( Figure 6I ), suggesting the normalization of 381 excitatory drive to neuronal excitability might be a general feature of locomotor circuit organization 382 (Kishore et al., 2014) . 383
We also observed differences in the patterning of synaptic drive during fictive swimming related to 384 electrophysiological properties similar to that observed in V2a neurons. In 8 of 13 V0d recordings, 385 excitation was more apparent at high frequencies ( Figure 7A , top and 7B), with EPSCs more 386 evenly distributed throughout the cycle, but peaking in-phase ( Figure 7C ). In the remaining V0d 387 recordings (n = 5 of 13), neurons received comparable levels of excitation at both low and high 388 frequencies ( Figure 7A , bottom and 7B), with a more narrow distribution of EPSCs peaking in 389 phase with local motor activity ( Figure 7C ). Critically, V0d neurons with frequency-specific 390 excitatory drive like type I V2a neurons exhibited either delay (n = 4) or burst (n = 4) phenotypes, 391 while the majority of V0d neurons with frequency-generic drive like type II V2a neurons exhibited a 392 chattering phenotype (n = 4 of 5 chattering, n = 1 of 5 burst). The similarity between these 393 observations and those in V2a neurons suggest that V0d neurons are also divided into distinct 394 types for rhythm-generation and pattern-formation. Consequently, for purposes of assessing 395 patterns of V2a connectivity, we divided V0ds into type I delay/burst neurons and type II chattering 396 neurons. 397
Both types of V0d neuron received inputs from type I and type II V2a neurons, with a trend toward 398 stronger inputs from type I V2a neurons, which proved significant following pooled analysis ( Figure  399  7D ). There were also differences in the nature and probability of direct connections related to type. 400
Type I V2a inputs were predominantly electric to type I V0d neurons and predominantly 401 glutamatergic to type II V0d neurons ( Figure 7E ). There was also a probability of 1 in finding a 402 direct connection from type I V2a neurons to both types of V0d neurons, as observed for 403 connections between type I V2a neurons and to primary motor neurons ( Figure 7F ). Thus type I 404 V2a neurons make dense electric and sparse glutamatergic connections to type I V0d neurons as 405 they make to other type I V2a neurons, and predominantly glutamatergic connections to type II V0d 406 neurons as they make to type II V2a neurons and primary motor neurons. Type II V2a inputs were 407 also predominantly electric to type I V0d neurons, but predominantly mixed to type II V0d neurons 408 ( Figure 7E ), consistent with their innervation of primary motor neurons. 409
Notably, type II V2a neurons were more selective in their innervation patterns compared to type I 410 V2a neurons. With the exception of connections to other type II V2as, connections to type I V2a 411 neurons and both types of V0d neurons had a probability around 0.5 ( Figure 7F ). In the case of 412 motor neuron connection probability, a probability near 0.5 reflects pool-specificity. Figure 1A ). For multi-layer models, 434 heterogeneous V2a and V0d neurons are divided into first-order rhythm-generating interneurons 435 that control frequency and last-order pattern-forming interneurons that control phase and amplitude 436 ( Figure 1B) . Instead of favoring one model, our data support aspects of both models. The resulting 437 hybrid model contains heterogeneous V2a neurons that exhibit complementary patterns of first-438 and last-order connectivity, with stronger first order connections from type I neurons and stronger 439 last-order connections from type II neurons ( Figure 7G ). We also propose that V0d neurons are 440 similarly organized based on their morphological, electrophysiological and synaptic heterogeneity 441 ( Figure 7G ). 442
Type I V2a neurons fulfill many of the criteria for rhythm-generating neurons. 
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